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Abstract

Florida has more than 14 million ha of acidic soils and most of these acidic soils are very sandy. Trans-
port of phosphorus from these soils to surface water is a great concern in Florida. One of the promising
approaches is to develop slow release P fertilizers to replace the regular water soluble fertilizers. Dolo-
mite phosphate rock (DPR) is an ideal material for making this type of fertilizer for acidic sandy soils,
which are wide-spread in Florida. The effects of soil moisture, particle size, and source of DPR on the
extent and rate of DPR dissolution in a representative acidic sandy soil were examined in an incubation
study. DPR dissolution estimated by the NaOH extraction method was strongly dependent on the min-
eralogy and chemistry of the DPR source materials. Decreasing particle size increased the percentage
dissolution of the DPR in soil. Soil moisture affected the initial dissolution rate of the DPR and the time
to reach equilibrium. Soil extractable P (Olsen-P) generally increased with DPR dissolution, but the
ratios of DOlsen-P to dissolved DPR-P (DNaOH-P) were significantly different between the two DPR
sources. Dissolution of DPR in the acidic sandy soil was well described by the Langmuir and Elovich
kinetic equations, with the Langmuir equation being better. Constant A derived from the Elovich equa-
tion and potential maximum dissolution (PMDPR) from the Langmuir equation were closely correlated
with the increases in pH and exchange (Ca + Mg) after DPR application. The two parameters appeared
useful in evaluating DPR dissolution and timing of DPR application in acidic sandy soils.

Introduction

Phosphorus deficiency is a major constraint to
crop production in tropical and subtropical acid
soils and P fertilizers are required to sustain opti-
mum plant growth (Zapata and Zaharah, 2002).
Phosphate rock (PR) has been directly applied to
these soils because it is nearly as effective as
water soluble superphosphate, but it is more

cost-effective for correcting P deficiencies (Rajan
et al., 1991; Wright et al., 1991). In Florida, 37%
of the soils are acidic with pH below 6.0 and
47% are identified as medium to low in P con-
tent (PPI-PPIC, 1998). On the other hand, large
amounts of dolomite phosphate rock (DPR)
materials are produced as a byproduct during
processing of PR to phosphoric acid in Central
Florida. These industrial byproducts contain
abundant Ca, Mg, and P and can be good fertil-
izers for acidic sandy soils, which are deficient in
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these nutrients (Olson and Simmone, 2004;
Tucker et al., 1995). Otherwise, disposal of these
materials could be costly to the phosphate indus-
try.

The agronomic effectiveness of PR primarily
depends on its dissolution in soils (Baligar et al.,
1997). A number of kinetic equations, notably
the first-order equation and Elovich equation
(Sanyal and Datta, 1991), have been suggested to
study kinetics of PR dissolution. Some parame-
ters obtained from these equations are useful for
adjusting the time and rate of PR application so
that P released from PR dissolution could meet
the demand of plant growth. PR dissolution in
soils often has an initial rapid stage followed by
a slower but steady stage (Syers and Mackay,
1986; Wright et al., 1992), and therefore, the
Langmuir equation has been proposed for
describing PR dissolution in soils (He et al.,
1996a).

In addition to chemical composition and par-
ticle size, the dissolution rate of PR in soil is
mainly affected by soil pH, moisture content, P
and Ca concentrations in soil solution (Babare
et al., 1997; Chien and Menon, 1995; Chien
et al., 1980b; Kanabo and Gilkes, 1988; Smyth
and Sanchez, 1982). Several studies have been
conducted to evaluate the relationships between
PR dissolution and soil properties that are
known to influence the dissolution process
(Dodor et al., 1999; He et al., 1996b). Such infor-
mation can enhance the selection procedure for
the most appropriate PR for a particular soil and
be used to develop models for assessing PR dis-
solution (Hughes and Gilkes, 1986b).

Most of the agricultural land in Florida is on
extremely coarse-textured sand, with sand con-
tent often in excess of 90% (Hoogeweg and
Hornsby, 1997). Studies on the solubility and
agricultural effectiveness of PR have become
important for developing slow release PR fertiliz-
ers due to low P retention capacity and high P
leaching potential of the coarse-textured soils (He
et al., 1999). Unfortunately, minimal information
is available on PR dissolution in the acidic sandy
soils in Florida. This study was carried out to
investigate the effects of source, particle size, and
soil moisture content on the dissolution rate of
Central Florida DPR in an acidic sandy soil. The
relationships between quantitative kinetic param-
eters of DPR dissolution and changes of major

soil properties were evaluated. The objective was
to understand the reactions of DPR in acidic
sandy soils and to generate information needed
for developing DPR-based slow release P fertil-
izer.

Materials and methods

Soil and dolomite phosphate rock (DPR)
materials

A typical acidic sandy soil (Wabasso: sand
96.1%, silt 2.3%, and clay 1.6%) classified as
hyperthermic alfic haplaquods, was collected
from the 0–40 cm layer in Fort Pierce, Florida.
Wabasso sand is a representative soil used for
commercial citrus and vegetable production in
the area. The collected soil was air-dried and
passed through a 2.0 mm sieve. Selected proper-
ties of the soil were 5.0 g kg)1 organic C,
0.23 g kg)1 total N, 4.1 pH (1:1 H2O), 3.2 pH
(1:1 KCl), 5.1 mg NaOH extractable P kg)1 soil,
0.6 mg Olsen-P kg)1 soil, 30 lg g)1 microbial
biomass C, and 0.38 cmol kg)1 1.0 M NH4OAc
exchangeable(Ca + Mg).

Samples of two dolomite phosphate rock
(DPR) sources, i.e., IDPR and CDPR, were
obtained from two different operating phosphate
mines in Central Florida. The DPR is a by-
product from phosphate industry, which con-
tains too high dolomite to be used for process-
ing phosphoric acid. The DPR may also contain
small amount of phosphatic clay, depending
upon the location. The samples were ground to
<0.149 mm for chemical analysis and following
studies. The relevant mineralogical and chemical
properties of the DPR samples are presented in
Table 1. Total concentrations of P, Ca, Mg, Fe,
K, and Al in the DPR samples were determined
by digesting the sample with HCl–HNO3 and
analyzing the digester for elemental concentra-
tions using inductively coupled plasma atomic
emission spectrometry (ICP-AES, Ultima, JY
Horiba Inc. Edison, NJ). pH and electrical con-
ductivity (EC) were measured in water at a
soil:solution ratio of 1:1 using a pH/Ion/EC
meter (Accumet model 50, Fisher Scientific,
Atlanta, GA). NaOH extractable P was deter-
mined by extracting the DPR sample with
0.5 M NaOH at a 1:50 soil:solution ratio for
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16 h and P concentration in the extract deter-
mined by the ascorbic acid reduction-molybde-
num blue method (He et al., 1996a/b). The
neutral ammonium citrate (NAC) or 2% citric
acid (AC) extractable P was measured by suc-
cessively extracting the DPR sample with NAC
or CA twice and P concentrations in the
extracts were measured using a modified ascor-
bic acid reduction-molybdenum blue method
(He et al., 1998). The calcium carbonate equiva-
lent of the DPR samples was determined by the
AOAC method (Kane, 1995). Subsamples were
further ground to <0.106 or <0.053 mm for
particle size evaluation prior to the incubation
experiment.

Incubation experiment

The treatments of this study consisted of three
particle sizes (<0.149, <0.106, and
<0.053 mm), two DPR sources (IDPR,
CDPR), and three levels of soil moisture con-
tent (30, 70, and 100% water-holding capacity).
Portions of soil were weighed and thoroughly
mixed with DPR at 400 mg P kg)1 soil. Con-
trols (without amendments) were prepared for
each level of soil moisture content. The total
weight of each soil-amendment mixture was
0.35 kg (oven-dry basis). The mixture was

placed in 1 L plastic containers and incubated
in a temperature-controlled chamber at 25 �C.
There were three replicates for each treatment
and all the containers were randomly arranged
with a split factorial design. The moisture con-
tent of the mixture was weighed every other
day and water was added to compensate any
evaporation loss. At the intervals of 1 d (sam-
pled on the same day as being prepared), 7 d,
20 d, 40 d, 60 d, 80 d of incubation, subsam-
ples in three replicates were taken for measure-
ments of DPR dissolution. Soil pH and
exchangeable cations were determined at the
end of incubation.

DPR dissolution was measured by a modi-
fied 0.5 NaOH extraction method (Alloush,
2003; He et al., 1996a). In this procedure, P
released from PR dissolution is assumed to be
mostly adsorbed by sesquioxides, oxides, or
precipitated as Fe and Al phosphates in the
acidic soil, where both the adsorbed P and
newly formed Fe and Al phosphates can be
extracted into the 0.5 M NaOH solution
through desorption or solubilization. Conse-
quently, the differences in the P levels (DP)
between DPR treated soil and the control sam-
ples were used as an estimate of DPR dissolu-
tion after accounting for the NaOH extractable
P in the original DPR samples. Soil Olsen-P

Table 1. Chemical composition, CaCO3 equivalent, and other relevant properties of the two DPR sources from Central Florida

Characteristics IDPR CDPR

pH (H2O) 7.2 ± 0.0 7.7 ± 0.0

EC (ls cm)1) 472 ± 33 578 ± 53

Total P (g kg)1) 96 ± 1 103 ± 2

NaOH extractable P (g kg)1) 7.15 ± 0.5 0.006 ± 0

NaHCO3 extractable P (mg kg)1) 173 ± 11 109 ± 14

Neutral ammonium citrate

extractable P (g kg)1)

1st extraction: 6.9 ± 0.4

2nd extraction: 5.4 ± 0.5

1st extraction: 0.011 ± 0

2nd extraction: 0.04 ± 0

2% citric acid extractable P (g kg)1) 1st extraction: 35.6 ± 1.1

2nd extraction: 16.2 ± 0.1

1st extraction: 2.49 ± 0

2nd extraction: 2.27 ± 0.03

Total Ca (g kg)1) 248 ± 4 308 ± 1

Total Mg (g kg)1) 8.0 ± 0.8 14.5 ± 1.2

Total K (g kg)1) 0.84 ± 0.0 0.62 ± 0.1

CaCO3 Equivalent (%) 62 ± 1 77 ± 0

Total Fe (g kg)1) 8.4 ± 0.5 7.0 ± 0.6

Total Al (g kg)1) 5.2 ± 0.2 4.2 ± 0.1

Mineral composition Francolite, quartz, phosphatic clay,

calcite, dolomite

Francolite, quartz, calcite, dolomite

159



(0.5 M NaHCO3 extraction method), as an
important index of plant available P, was also
determined during incubation. Phosphorus in
both NaOH and Olsen- P extracts was deter-
mined colorimetrically by an ascorbic-molyb-
date method (Olsen and Sommers, 1982). The
Olsen-P in the original DPR samples was
<1% of the total extractable P from the DPR
amended soil and was therefore negligible.

Soil pH was measured in water and 1 M KCl
solution at a soil:solution ratio of 1:1 using the
pH/Ion/EC meter. Exchangeable Ca and Mg
were extracted with 1.0 M NH4OAc and deter-
mined using the ICP-AES.

Kinetic description

Three kinetic equations, i.e., the first-order,
Elovich, and Langmuir equations, were used to
quantify the treatment effect on DPR dissolution
in soil.

The first-order reaction is expressed as
follows:

lnCt ¼ lnC0 � kt;

where C0 is the initial amount of DPR added, Ct

is the amount of residual DPR (as a fraction of
DPR added) at time t (d). When Ct ¼ 1/2C0, t1/2
(half-life) ¼ 0.693/K.

Derivation of the Elovich equation results in
a simplified form of the equation:

DP ¼ C0 � Ct ¼ ð1=bÞlnðabÞ þ ð1=bÞlnðtÞ
The above equation can be further simplified by
assigning a ¼ C0 � ð1=bÞlnðabÞ and b ¼ 1=b; i.e.,
Ct ¼ a� b lnðtÞ

Since constant a is the amount of residual
DPR (as a fraction of the added DPR), the
quantity (1 ) a) , which can be designated as A,
can be defined as the initial dissolution rate of
DPR. Constant b (the slope) is related to the
average rate of DPR dissolution from 1 d to the
end of incubation.

The linear form of the Langmuir kinetic equa-
tion is:

t=q ¼ aþ bt;

where q is the amount of P (g kg)1 mg) released
from DPR at time t(d), a and b are constants
with b ¼ 1=qm, where qm is defined as the poten-
tial maximum dissolution of DPR (PMDPR).

Results

The IDPR or CDPR material is composed pre-
dominantly of francolite (carbonate-fluorapatite),
and variable amounts of quartz, phosphatic clay
and free dolomite and calcite. The CDPR con-
tained more free dolomite and calcite as indi-
cated by its higher calcium carbonate equivalence
than the IDPR (Table 1). Since these samples
contained <1% of total Fe or total Al (Table 1),
the amounts of Fe and Al phosphates in the sam-
ples if present were minimal. The CDPR only
contained 0.006 g kg)1 0.5 M NaOH extractable
P. However, the IDPR sample appeared to have
a considerable amount of phosphatic clay. The
major component of the phosphatic clay is small
particle size francolite, but there were also small
amounts of silicate minerals such as kaolinite,
quartz, and smectite and small amounts of Fe
and Al oxides. Therefore, the IDPR contained
more NaOH extractable P (7.15 g kg)1) than the
CDPR, because some P released during PR pro-
cessing may be retained by the kaolinite or oxi-
des in the phosphatic clay and desorbed during
the NaOH extraction.

The IDPR and CDPR contained similar
amount of total P (96 and 103 g kg)1, respec-
tively), but the IDPR had more extractable P as
determined by the neutral ammonium citrate
(NAC) or the 2% citric acid (CA) method
(Table 1). The low solubility of CDPR-P in
either NAC or Ac was likely due to some free
calcite and dolomite contained in the CDPR
sample, as indicated by its high CCE, which is
about 17% higher than the theoretical value
(61% for francolite from Central Florida)
(Sikora, 2002). The IDPR had a CCE% of 62,
which is close to its theoretical value (61%).
However, recent study by Sikora (2002) revealed
that the AOAC method underestimated CCE%
of phosphate rock due to possible formation of
CaHPO4. He also pointed out that the AOAC
method may not be suitable for determining
%CCE for PR because it did not accurately rep-
resent the reactions and reaction products that
would occur upon dissolution in soil and it
would not represent actual conditions whereby
PR dissolution is incomplete. Therefore, the
IDPR sample might also contain a small amount
of free dolomite and calcite, which is expected,
because these DPR materials were considered to
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be not suitable for manufacturing phosphoric
acid because of their relatively high dolomite
contents. The total NAC extractable P accounted
for 12.8% of the total P in the IDPR, but only
0.01% in the CDPR. The low solubility of P in
the CDPR is likely related to its high calcite or
dolomite. In addition, the NAC extraction has
been observed to be relatively inefficient in dis-
solving basic Ca phosphates such as francolite
(Lehr, 1980). More P was extracted into the CA
reagent due to its acidity and up to 50% of the
total P in the IDPR was dissolved in the CA, but
the corresponding value was <5% for the
CDPR (Table 1). Therefore, IDPR seems supe-
rior to the CDPR in providing available P.

The percentages of DPR dissolution estimated
by the 0.5 M NaOH extraction method (DP,
increase in extractable P), averaged for triplicate
soil samples, are presented in Figures 1 and 2.
The dissolution of the IDPR or CDPR was
rapid, and from 5 to 8% of the total P was
released from the IDPR in the first day of the
incubation after accounted for the 7.4% NaOH
extractable P and the corresponding value was 5–
6% for the CDPR. This was expected because
the predominant phosphates in the PR were car-
bonate-fluorapatites and the sandy soil contained
mainly active acidity. The slightly higher percent-
ages of P release from the IDPR than the CDPR
mainly resulted from greater amounts of free
dolomite and calcite in the CDPR that consumed
a portion of the soil acidity. The small amount
of phophatic clay (approximately 5%) in the
IDPR may also contribute to the enhanced P
release because of quick dissolution of small par-

ticle size francolite in the clay fraction and P
desorption from the clay surface.

In general, the DPR dissolution increased
with incubation time in the first 20 d, and then
the dissolution rate leveled off.

There were differences in the extent of DPR
dissolution between the two sources. Approxi-
mately 12% of the added IDPR was dissolved in
the finest (<0.053 mm) phosphate rock treat-
ment at 80 d, and 9% of the added CDPR was
dissolved during the period. These differences
agree with their P solubility characteristics mea-
sured by the NAC or CA method.

The effect of particle size or fine grinding on
DPR dissolution was evident (Figures 1 and 2).
For the soil treated with the finest IDPR
(<0.053 mm), percentage dissolution increased
by 3–4%, as compared with that of the
<0.149 mm particle size. Since only a small
amount of CDPR was dissolved for each treat-
ment, decreasing particle size had only minimal
effects on the percentage dissolution of CDPR in
the soil.

Soil moisture content had significant effects
on DPR dissolution (Figures 1 and 2). Through-
out the entire incubation period, the extent of
DPR dissolution followed the order: 100%
water-holding capacity (WHC) >70% WHC
>30% WHC, although the discrimination in
DPR dissolution among the treatments was not
consistent. DPR dissolution from 20 d to the end
of incubation appeared to decrease steadily
because most of readily dissolved DPR was
depleted in the first 20 d after incubation in the
soil with higher moisture content. These results
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Figure 1. Percentage dissolution of IDPR in laboratory
incubated soil as affected by particle size and soil moisture
condition.
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Figure 2. Percentage dissolution of CDPR in laboratory incu-
bated soil as affected by particle size and soil moisture condi-
tion.
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indicate that DPR dissolution requires a much
longer time to reach relative equilibrium in a soil
with lower moisture content, as compared with
higher moisture content.

The Langmuir and Elovich kinetic equations
fit well the dissolution of DPR (Table 2), espe-
cially the Langmuir equation. The first-order
kinetic reaction was not adequate for describing
DPR dissolution in soils as evidenced by the fact
that the half-life (t1/2) of DPR calculated from
the first-order equation in all the treatments were
longer than 1400 d, and the differences between
treatments of different moisture contents or DPR
sources could not be discriminated by the t1/2
(Table 3). Both A and b values, which were
obtained from the Elovich equation, increased
with increasing soil moisture or finer particle size.
The value of A ranged from 0.120 to 0.151 in the
IDPR treatments, and from 0.042 to 0.057 in the
CDPR treatments. These results suggest that the
source of DPR could considerably affect its ini-
tial dissolution. All the PMDPR values of IDPR
treatments were much higher than those of
CDPR treatments. These results agreed with the

observation of increased NaOH extractable P
during the incubation. For example, PMDPR in
the <0.106 mm IDPR treatments was 10–16%
higher than that in <0.149 mm treatments. On
the other hand, an increase in PMDPR accompa-
nying an increase in soil moisture content
(Table 3) indicated that soil moisture is another
important factor that affects DPR dissolution.

An increased PR dissolution in soils does not
guarantee an increase in the amount of plant
available P (Sanyal and Datta, 1991). Soil
Olsen-P was also determined due to a close rela-
tionship between the amount of Olsen-P and P
taken up by plants. Olsen-P in the soils amended
with DPR showed a similar trend as NaOH
extractable P. The Langmuir and Elovich kinetic
equations were also adequate for describing the
increase in Olsen-P. The three DPR dissolution
kinetic parameters, i.e., A, b and PMDPR, con-
sistently increased with reduced particle size or
increased soil moisture content (data not shown).

The availability index of DPR dissolution, as
estimated by the ratio of DOlsen-P (Olsen-P in
the DPR amended soil minus Olsen-P in the

Table 2. Fitness of various kinetic models for describing DPR dissolution in an acidic sandy soil

Treatment First-order reaction

ln Ct = ln C0)kt
Elovich equation

Ct = a)b lnt

Langmuir equation

t/q = a + bt

r2 SD r2 SD r2 SD

IDPR

<0.149 mm 30%WHC 0.894** 0.002 0.839* 0.002 0.999*** 0.007

<0.149 mm 70%WHC 0.650 0.004 0.985*** 0.000 0.999*** 0.004

<0.149 mm 100%WHC 0.485 0.005 0.981*** 0.001 0.999*** 0.003

<0.106 mm 30%WHC 0.885** 0.003 0.882** 0.002 0.998*** 0.009

<0.106 mm 70%WHC 0.732* 0.004 0.980*** 0.001 0.999*** 0.006

<0.106 mm 100%WHC 0.634 0.006 0.980*** 0.001 0.999*** 0.003

<0.053 mm 30%WHC 0.784* 0.004 0.948*** 0.002 0.999*** 0.006

<0.053 mm 70%WHC 0.643 0.007 0.988*** 0.001 0.999*** 0.044

<0.053 mm 100%WHC 0.556 0.006 0.975*** 0.001 0.999*** 0.002

CDPR

<0.149 mm 30%WHC 0.822* 0.002 0.899** 0.002 0.998*** 0.031

<0.149 mm 70%WHC 0.758* 0.003 0.980*** 0.001 0.998*** 0.033

<0.149 mm 100%WHC 0.656 0.004 0.997*** 0.000 0.999*** 0.021

<0.106 mm 30%WHC 0.856** 0.002 0.885** 0.002 0.997*** 0.036

<0.106 mm 70%WHC 0.728* 0.004 0.953*** 0.001 0.999*** 0.023

<0.106 mm 100%WHC 0.642 0.004 0.980*** 0.001 0.999*** 0.014

<0.053 mm 30%WHC 0.816* 0.003 0.925** 0.002 0.999*** 0.022

<0.053 mm 70%WHC 0.748* 0.004 0.939** 0.002 0.999*** 0.018

<0.053 mm 100%WHC 0.636 0.005 0.943** 0.002 0.999*** 0.013
*, **, *** Significant at 0.05, 0.01, and 0.001 levels of confidence, respectively (n = 6).
SD: Standard Deviation.
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control) to DNaOH-P, showed significant dis-
crimination between the two sources of DPR for
all treatments. The availability index in the
IDPR-amended soil was 24.8% based on the
regression equation, whereas that in the CDPR-
amended soil was 48.6%. This difference is likely
associated with the nature and composition of
the two DPR sources.

Soil properties such as pH , exchange Ca and
Mg, are key factors related to PR dissolution in
soil (He et al., 1996b). The application of DPR
materials raised soil pH (water or KCl) and
increased exchangeable (Ca + Mg). The liming
effect of CDPR is much greater than that of
IDPR. Soil pH (water) ranged from 4.9 to 5.3 in
the IDPR treatments, and from 5.4 to 6.3 in the
CDPR treatments. The influence of DPR dissolu-
tion on these soil properties was also indicated by
a linear regression analysis (Table 4). The results
showed that changes of these soil properties were
highly correlated with the DPR dissolution
kinetic parameters (t1/2, A, b and PMDPR). In
comparison, changes of soil pH (water or KCl)

and exchangeable (Ca + Mg) were more closely
related with A and PMDPR than with b and t1/2.

Discussion

The dissolution of PR is strongly dependent on
the mineralogy and chemistry of the DPR source
materials (Hammond et al., 1986; Khasawneh
and Doll, 1978). It is well established that the
extent of PR dissolution increases with the degree
of carbonate substitution and Ca:P ratio of apa-
tite in the PR (Bolland et al., 1997; Hughs and
Gilkes, 1986a). However, in the present study,
the percentage dissolution for CDPR was lower
than that for IDPR although CDPR had higher
Ca:P ratio (Table 1). This suggests that the
amounts of free calcium and magnesium carbon-
ate contents in the two DPR sources may be dif-
ferent, as evidenced by the difference in soil pH
changes caused by IDPR and CDPR treatments.
The greater liming effect of CDPR raised soil pH
more, and consequently decreased the dissolution

Table 3. Kinetic parameters (t1/2, A, b and PMDPR from kinetic models) of DPR dissolution in an acidic sandy soil estimated by
NaOH extraction

Treatment t1/2 d A fraction of DPR d)1 b fraction of PR (ln d))1 PMDPR mg P kg)1

IDPR

<0.149 mm 30%WHC 2326 0.1198 0.0032 54.9

<0.149 mm 70%WHC 2520 0.1227 0.0037 55.9

<0.149 mm 100%WHC 2318 0.1268 0.0046 58.1

<0.106 mm 30%WHC 1586 0.1331 0.0047 63.7

<0.106 mm 70%WHC 1715 0.1362 0.0050 64.1

<0.106 mm 100%WHC 1631 0.1386 0.0057 65.4

<0.053 mm 30%WHC 1494 0.1485 0.0054 70.4

<0.053 mm 70%WHC 1586 0.1495 0.0058 69.9

<0.053 mm 100%WHC 1585 0.1513 0.0061 70.9

CDPR

<0.149 mm 30%WHC 2341 0.0419 0.0037 24.4

<0.149 mm 70%WHC 2295 0.0435 0.0041 25.5

<0.149 mm 100%WHC 2365 0.0459 0.0043 26.2

<0.106 mm 30%WHC 2235 0.0459 0.0037 26.5

<0.106 mm 70%WHC 2026 0.0481 0.0046 28.2

<0.106 mm 100%WHC 1965 0.0510 0.0051 29.4

<0.053 mm 30%WHC 1963 0.0542 0.0044 30.7

<0.053 mm 70%WHC 1786 0.0563 0.0051 32.5

<0.053 mm 100%WHC 1805 0.0574 0.0055 32.7

t1/2 = the half-life of DPR in first-order rate equation ; A = the initial dissolution rate of DPR in Elovich equation; b = the aver-
age dissolution rate of DPR from 1 to 80 d in Elovich equation and PMDPR = potential maximum dissolution of DPR in Lang-
muir equation.
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extent of CDPR because a portion of soil acidity
was consumed by the free carbonates.

Usually, decreasing particle size increases the
rate of dissolution and agronomic effectiveness of
PR (Bolland and Gilkes, 1989; Rajan et al.,
1992). Finely ground PR has a large specific sur-
face area, which provides a good contact between
PR particles and soil solution, thereby enhancing
the rate of chemical reaction between hydrogen
ions in soil solution and PR (Bolland et al., 1997;
Kanabo and Gilkes, 1987). As expected, our
results showed that there was a consistent
increase in percentage dissolution and in the
three dissolution parameters (A, b and PMDPR)
with a decrease in particle sizes.

Soil moisture content is another important
factor that affects PR dissolution due to
increased availability of water for PR dissolution
and a decrease in concentration of Ca2+ and
H2PO4

) ions accompanying an increase in soil
moisture content (Debnath and Basak, 1986;
Mackay et al., 1986). In this respect the three
parameters (A, b, and PMDPR) demonstrate that
the overall dissolution of DPR is greater in
higher moisture content. However, our results
did not show a consistent change in the half-time
(t1/2) of DPR. Furthermore, the increase in DPR
dissolution from 20 to 80 d diminished with
increasing soil moisture content. The decreased
soil moisture content, though slowing DPR dis-
solution, prolonged the period of DPR dissolu-
tion, as compared with the higher moisture
content treatments. These results imply that it is
possible to adjust DPR dissolution to meet the P
demand of plants in acidic sandy soils by con-
trolling soil moisture content.

Several models have been successfully used to
describe PR dissolution in soils. The first-order
reaction is the simplest model, and the physical
meaning of the constant (t1/2) is well defined

(Sanyal and Datta, 1991). Chien et al. (1980a) fit-
ted their data to some kinetic models and con-
cluded that an Elovich equation gave the best fit.
More recently, the Langmuir equation was also
proposed for describing PR dissolution in soils
(He et al., 1996a). The high t1/2 values from the
first-order equation suggest that DPR dissolution
in the acidic sandy soil may be slow due to lim-
ited soil acidity, although the DPR dissolution
was very rapid during the first day of incubation,
as indicated by the high A values from the Elo-
vich equation. The tested soil had high sand, low
organic matter content and microbial biomass,
and minimal buffering capacity. This may be the
reason why the Langmuir kinetic equation
appeared better than any other model for
describing DPR dissolution in the acidic sandy
soil. This is in good agreement with the observa-
tion made by He et al. (1996a). Another advan-
tage of the Langmuir equation over other models
is that a PMDPR can be obtained and used for
comparing the potential of DPR dissolution in
different soils or under different conditions. The
Langmuir equation appeared to be the best
model for evaluating DPR dissolution and appli-
cation in acidic sandy soils.

Phosphorus released from PR dissolution can
be sorbed by sesquioxides, oxides, or precipitated
as Fe and Al phosphates in acid soil, whereas
only a fraction of dissolved P becomes available
for plant uptake. Several extractants have been
used to measure increases in solution P during
PR dissolution (Apthorp et al., 1987; Bolan and
Hedley, 1989). Numerous studies demonstrated
close relationships between Olsen-P and P uptake
by plants, but NaHCO3 extractable P often
underestimates PR dissolution (Alloush, 2003).
The use of 0.5 M NaOH as an extractant was
found to be better than 0.5 M NaHCO3 and
1 M NH4OAc, particularly when soil organic P

Table 4. Correlation coefficients (r) between DPR dissolution kinetic parameters and soil properties

Properties IDPR CDPR

t1/2 A b PMDPR t1/2 A b PMDPR

DpH(H2O) )0.912*** 0.958*** 0.884** 0.975*** )0.896** 0.956*** 0.686* 0.944***

DpH(KCl) )0.834** 0.966*** 0.954*** 0.956*** )0.956*** 0.984*** 0.811** 0.986***

DExchangeable
(Ca+Mg) )0.891** 0.979*** 0.960*** 0.979*** )0.950*** 0.950*** 0.751* 0.958***

*, **, *** Significant at 0.05, 0.01, and 0.001 levels of confidence, respectively (n = 9).
DpH = pH increase after DPR application; DExchangeable (Ca+Mg) = Exchangeable (Ca+Mg) increase after DPR application.
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formation is negligible (Sanyal and Datta, 1991).
The sorbed P and newly formed Fe and Al phos-
phates can be mostly extracted into 0.5 M
NaOH, but only a fraction can be extracted by
the NaHCO3. Therefore, the increase in NaOH
extractable P was much higher than the increase
in Olsen-P in the soils amended with DPR. Fur-
thermore, due to difference in their chemical
characteristics of the two DPR sources (e.g. the
contents of Ca and Mg), the availability index
(the ratio of DOlsen-P to DNaOH-P) of IDPR
was much lower that of CDPR.

The capacity of a soil to supply hydrogen
ions, as estimated by soil pH and the
exchangeable acidity, is the most important fac-
tor that controls PR dissolution (Bolland et al.,
1997; Gilkes and Bolland, 1990). PR dissolution
increases soil pH, which resulted from the con-
sumption of protons in the reaction, e.g.,
Ca10(PO4Þ6F2 þ 12Hþ ! 10Ca2þþ 6H2PO

�
4 þ 2F�

(Khasawneh and Doll, 1978; Lewis et al.,
1997). Dissolution of PR also releases Ca and
Mg as the reaction products in proportion to
the rate of P release. Consequently, changes in
the pH (water or KCl) and exchangeable
(Ca + Mg) can be used as indirect estimate of
the extent of PR dissolution. In this respect,
our result demonstrated that the correlations
between the three soil properties and PMDPR
or A were better than that between the soil
properties and b or t1/2, indicating that
PMDPR and A can serve as more comprehen-
sive indicators of the kinetics of DPR dissolu-
tion and are useful for predicting DPR
dissolution and utilization in acidic sandy soils.
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